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Abstract: To reveal nonlinear dynamic rules of low viscosity fluid-lubricated tilting-pad journal bearings (TPJBs),

the effects of design parameters on journal center orbits and dynamic minimum film thicknesses of water-

lubricated TPJBs with and without static loads are investigated. The hydrodynamic bearing force used in the

nonlinear dynamic analysis is an approximate analytical solution including the turbulence effect. The results

reveal the methods for vibration suppression and load capacity improvement and give an optimal pivot offset

and clearance ratio that can maximize the minimum film thickness. The results also show that four-pad TP]Bs

with loads between pads are preferred due to good dynamic performance and load capacity. This study would

provide some guidance for nonlinear design of low viscosity fluid-lubricated TPJBs under dynamic loads.

Keywords: journal center orbit; dynamic minimum film thickness; tilting-pad journal bearing; bearing design

parameter

1 Introduction

With good stability on rotor systems, tilting-pad
journal bearings (TP]Bs) have been widely applied in
large-scale rotating machineries, such as steam turbines,
gas turbines, and nuclear reactor coolant pumps. The
representative research of tilting-pad thrust bearings
focuses on the effects of surface roughness [1] and
lifting pockets [2] on bearing performance. Water has
been gradually used as the journal bearing lubricant
in ship stern shafts, hydraulic turbines, and water
pumps instead of oil. It is worth mentioning that water-
lubricated tilting-pad journal/thrust bearings have
been applied to the nuclear reactor coolant pump of the
third generation AP1000 reactor.

Because of the nonlinear effect of hydrodynamic
bearing force, the dynamic performance of a TPJB-rotor
system cannot be accurately evaluated using a linear
model. Because of the low viscosity characteristic of
water, water-lubricated TPJBs can perform higher

stability but lower load capacity compared with oil-
lubricated TPJBs. Because of the high operational
Reynolds number of water film, water-lubricated TP]Bs
may be in the turbulent lubrication and generate the
turbulent force. Therefore, it is significant to perform
a nonlinear dynamic analysis especially on the nonlinear
dynamic behavior and dynamic load capacity of a
water-lubricated TPJB.

There have been a lot of studies focusing on the
nonlinear dynamic analysis of a TPJB up to now. Kim
and Palazzolo [3] investigated the effects of pad preloads,
pivot offsets, and lubricant viscosities on the nonlinear
response and bifurcation using numerical continuation
method. Bai et al. [4] investigated the linear critical
speed and some nonlinear dynamic characteristics of
a double cantilever rotor in a large-scale turbo expander,
and Li et al. [5] studied those considering the viscosity-
temperature effect of fluid film. Cha and Glavatskih
[6] investigated the nonlinear dynamic behavior of
vertical and horizontal rigid rotors supported by
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Nomenclature

Pi Dimensionless film pressure

Hi Dimensionless film thickness

L Pad length

D Journal diameter

n Length-to-diameter ratio

T Dimensionless time

¢, A Dimensionless circumferential and axial
coordinates

X, Y Dimensionless Cartesian coordinates

Ky, Ka Turbulence coefficients

A Preload factor

Bi Pivot position angle

€ Journal eccentricity ratio

0 Journal attitude angle

Oi Dimensionless pad tilt angle

c Radial pad clearance

R Journal radius

P Clearance ratio

Re Reynolds number used in the equations

Rem Mean Reynolds number

Re: Local Reynolds number

p Fluid density

w Rotational angular speed

u Fluid viscosity

Hm Dimensionless mean film thickness

¢in, pout  Position angles at the film beginning and end

M; Dimensionless journal mass

&u Unbalance eccentricity ratio

Fx, Fy Dimensionless hydrodynamic bearing force
in X and Y directions

Wx, Wy Load components in X and Y directions

oi"’ Dimensionless pad tilt acceleration

M, Dimensionless hydrodynamic force moment
acting on pad

T Dimensionless pad moment of inertia

Pp Pad density

hp Pad thickness

a Pad arc angle

14 Pivot offset

¢’,€0"  Dimensionless radial and tangential journal
velocity

oi’ Dimensionless pad tilt velocity

X,y Journal displacements in X and Y directions

T Water temperature

compliant liner TPJBs and compared it with white
metal TP]Bs considering different preload factors, pivot
offsets, compliant liner elasticity, and pad inclinations.
Okabe [7] proposed an analytical hydrodynamic bearing
force model using the short bearing method with the
effects of turbulence and fluid inertia and investigated
the effects of radial clearances, preload factors, number
of pads, load positions, and pivot offsets on the rotor
dynamic behavior with and without the inertia effect.
Abu-Mahfouz and Adams [8] investigated the nons-
ynchronous and chaotic behaviors under two loading
mechanisms of on-pad load and no static biasing
load by changing several bearing design parameters.
Ying et al. [9] compared the nonlinear dynamic
characteristics including bifurcations, time histories,
phase trajectories, frequency spectrums, and Poincaré
maps with and without the pad inertia effect. Lu et
al. [10] investigated the nonlinear dynamic behavior
of a rigid rotor supported by fixed-tilting-pad journal
bearings and analyzed the effects of pivot offsets and

preload factors on journal center orbits. White et al.
[11] investigated the effect of bearing clearances on
the rotor dynamic behavior that includes whirl orbits
and frequency spectrums of a twelve stage vertical
pump rotor with and without the wear ring effect.
Monmousseau et al. [12] performed a transient
thermoelastohydrodynamic (TEHD) analysis on the
shaft orbit, minimum film thickness, maximum pressure,
and maximum temperature for different unbalance
eccentricities. Brancati et al. [13] proposed a method to
predict the nonlinear stability by the limit stability
curve separating the stable synchronous motion from
the unstable one with one half rotational frequency.
Gadangi and Palazzolo [14] investigated the transient
journal orbit, minimum film thickness, and maximum
film temperature considering the pad deformation and
fluid film temperature. Desbordes et al. [15] investigated
the effect of pad deformation on transient journal
orbits, minimum film thicknesses, and maximum
pressures for different unbalance masses. Hei et al.
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[16] investigated the nonlinear dynamic behavior
and bifurcation of a rod fastening rotor supported by
fixed-tilting-pad journal bearings by orbit diagrams,
time series, frequency spectrums, and Poincaré maps
considering different pivot offsets and preload factors.

There are only a few studies focusing on the static
and dynamic analyses of water-lubricated TP]Bs with
the turbulent effect. Okabe and Cavalca [17] introduced
the turbulence model of Capone into the short bearing
model and investigated the effects of preload factors,
number of pads, radial clearances, pad positions, and
pivoting angles on journal center orbits with and
without the turbulence effect. Armentrout et al. [18]
investigated the effects of turbulence and convective
fluid inertia on the film pressure, load capacity, and
power loss using the CFD model and conventional
Reynolds solution. Li et al. [19] investigated the film
temperature distribution, bearing force, stiffness, and
damping considering Ng and Pan turbulence model
and temperature-viscosity effects. Jin et al. [20]
developed the database method for fast solving the
hydrodynamic bearing force by introducing Ng and
Pan turbulence model and the adiabatic energy equation
and compared the nonlinear dynamic behavior with
and without the turbulent and thermal effects.

Based on the above research, the nonlinear dynamics
of TPJBs can be summarized as follows: i) synchronous
behavior; ii) nonsynchronous behavior; iii) bifurca-
tion and stability; iv) critical characteristic; v) reliability.
Moreover, the nonlinear dynamic research of water-
lubricated TPJBs focuses on the dynamic behavior
including the turbulence effect. However, the integrated
nonlinear analyses on the dynamic behavior and
dynamic load capacity of water-lubricated TPJ]Bs
under different bearing design parameters have not
been reported.

The objective of this paper is to reveal the nonlinear
dynamic rules of journal center orbits and dynamic
minimum film thicknesses of a water-lubricated TPJB
with and without the static load under different
bearing design parameters, thus provide some references
for the nonlinear design and safe operation of water-
lubricated TPJBs. The current work investigates the
effects of preload factors, pivot offsets, length-to-
diameter ratios, clearance ratios, pad arc angles, water
temperatures, number of pads, and load directions

on journal center orbits and dynamic minimum film
thicknesses.

2 Governing equations

The main research object is a water-lubricated four-
pad TPJB, whose geometry is shown in Fig. 1. The
dimensionless turbulent Reynolds equation for the
i-th pad under the isothermal, incompressible and
inertialess flow conditions can be written as

o (H P, +1 0 (H? 0B _,0H,
o4\ K, g ) 77 04\ K, 04 ) ~ o4

where P; is dimensionless film pressure; H; is dimen-

6? 1)

sionless film thickness; = L/D is length-to-diameter
ratio, where L and D are pad length and journal
diameter, respectively; 7 is dimensionless time; ¢
and A are dimensionless circumferential and axial
coordinates, respectively; and K, and K, are turbulence
coefficients. The dimensional ratios of dimensionless
parameters in this paper are shown in Appendix.

The dimensionless film thickness H;is given by

H, =1—Acos(,8i—¢)+8cos(¢—6’)+§sin(ﬂi—¢) 2)
/8

where A is preload factor, f; is pivot position angle, ¢ is
journal eccentricity ratio, 0 is journal attitude angle,
is dimensionless pad tilt angle, and ¢’ = ¢/R is clearance
ratio, where ¢ and R are radial pad clearance and
journal radius, respectively.

(Hydrodynamic bearmg force
in the X and Y dlrectlons)

51 ’ 51’

V

Fig. 1 Geometry and coordinate of a four—pad TPJB.
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The turbulence coefficients of Ng and Pan [21] are
given by

0.0136
5= 1+
12

0.0043

K Re”, K, =1+——"Re™  (3)
12

where Re is Reynolds number used in the equations.

Three kinds of flow regime (laminar, transitional,
and turbulent flow regime), which are delimited by
two critical Reynolds numbers: 800 and 1,500 [22, 23],
may exist in the fluid film. Re can be defined as

Re=
0, Re <800 (laminar)
cRe’ +c,Re? +c,Re +c,, 800 <Re, <1500 (transitional)
Re,, Re  >1500 (turbulent)
4)

where ¢, are determined by ensuring the continuity
of Re and its first derivative at the beginning and end
of the transitional zone, Re,, is mean Reynolds number,
and Re is local Reynolds number, which can be
expressed as

RH ¢ RH.c
- £ORHC e = 2R )

Re

m

where p is fluid density, w is rotational angular speed,
u is fluid viscosity, and H,, is dimensionless mean film
thickness, defined as

H,=—— " Hdg (©)

" ¢out - ¢i fin Z

where ¢;, and ¢, are position angles at the film
beginning and end, respectively.

The dimensionless motion equation of the journal
and pads can be described as

MjX" = Migu sint—F, + W,
MY"=Me, cost—F, +W, (7)
751.0: Mi

where M, is dimensionless journal mass, ¢, is unbalance
eccentricity ratio; Fx and Fy are dimensionless
hydrodynamic bearing force in X and Y directions,
respectively; Wy and Wy are load components in X and
Y directions, respectively; 8 is dimensionless pad

i

tilt acceleration, M, is dimensionless hydrodynamic
force moment acting on the pad, and ] is dimensionless
pad moment of inertia, whose normalized form is
approximate to Eq. (8):

1 > 501 ‘3,
-~ a{a(mhp) R +Z(R+hp) —ZR}
+§[sin(a —al)+ sin(ag)][w —(R+hlo )3 R}

®)

where p, is pad density, &, is pad thickness, a is pad
arc angle, and (is pivot offset.

Through the equation description on this section,
some discussion is given. Three turbulent lubrication
theories are at present available [21]: i) Constantinescu;
ii) Ng, Pan, and Elrod; iii) Hirs. The first two theories
predict the same and simple form of the classical
isothermal turbulent Reynolds equation, namely Eq. (1).
The results obtained by the three turbulent models of
Constantinescu model, Ng and Pan model, and Elrod
and Ng model are similar [23]. However, Ng and Pan
model is appropriate for the derivation of analytical
hydrodynamic force due to the turbulence coefficients
approximating a linear function of film thickness.
Therefore, the modified Reynolds equation with Ng
and Pan turbulence model is used. In addition, the
difference in governing equations between water-
lubricated and oil-lubricated TP]Bs lies in turbulent and
thermal effects. In general, Navier-Stokes equation or
the turbulent Reynolds equation is indispensable for
water-lubricated TPJBs due to the lower viscosity and
higher Reynolds number, while the energy equation
is indispensable for oil-lubricated TPJBs due to the
higher viscosity and temperature rise.

3 Approximate analytical solution of
hydrodynamic bearing force

Equation (1) is solved with the method of separation
of variables under the dynamic Giimbel boundary
condition [24].

The dimensionless film thickness can be expressed as

H,=1+¢ cosp (p=¢-0.) )

where

http://friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction



934

Friction 8(5): 930-944 (2020)

2
9.
[5c05¢9+—’sinﬂi —Acosﬂ,)
174

i 7

2
o,
+(gsin9——‘cos/5’i—Asin/5’i]
7
o, .
cos@=| ecosf@+—sin B, —Acosp, | /¢,
7
. . 0. )
sm€1.=(gsm9—1cosﬂi—Asm,6’i]/gi (10)
17

Assuming that the film pressure can be separated
in the following multiplicative form:

Pl0.2)=P ()P (2) an

where P, is infinitely long bearing pressure and solved
by Eq. (12):

3
d | H dh =-3(& —2¢,0))sinp+6¢/cosp  (12)
del| K, de
where

& = (5’ cos 6 —e6'sin6 + ésin B jcos 6,
%

+(e’sin0+gﬁ'cose—écosﬁijsin&i,
L4
! [ ' 5"
&0/ =| &'sin@+ €6’ cos@ ——cos f; |cos b,
v

—(g’cos9—59’sin9+ﬂsinﬂijsinc9i (13)
74

where ¢' and €60’ are dimensionless radial and tangential
journal velocity, respectively, and 6, is dimensionless

pad tilt velocity.
P is given by
. cosh(gA
P'(2)=1- (24) (14)
coshgq
where

Pin H 3 ¢

i

q =
\/ J.%m K, sin(go—gom)[—?)(gi —2£i€i’)sin(/1+6gi’cos¢)J q
|-

_[::L" D sin(go— o, )d(p
(15)

The dimensionless hydrodynamic bearing force in
X and Y directions is given by

PoSL
E = ZJ: j:"' —P, cosgdgd A

The complex integrals are analytically solved with
Mathematica.

4 Model verification

Figure 2 compares the analytical solution and a CFD
solution [18] of pad centerline pressure for a single
pad of a water-lubricated TPJB. Both the two solutions
include the turbulence effect and leave out the fluid
inertia effect. The analytical solution is on the whole in
good agreement with the CFD solution. The maximum
pressure with the analytical expression is only 2.14%
higher than that with CFD. The film rupture angle with
the analytical expression is about 5 degree less than
that with CFD because of their different boundary
conditions.

5 Results and discussion

The water-lubricated TPJB parameters used in the
calculation are listed in Table 1, and the initial values
are underlined and shown in bold. Equation (7) is
solved with precise time-integration method. The steady
state response data is extracted to investigate the effects
of bearing design parameters on journal center orbits
and dynamic minimum film thicknesses of TP]Bs with
and without static loads.

350 T T T T T T T
TS 3 —— Analytical
= 300 ~=-- CFD[18] |
=
=250 \ 1
5 \\

2 200 \ 1

= \\

o 150 N

R \

B 100+ N

E 50l Leading edge Trailing edge \\\ |
0 1 1 1 1 L L 1 \\

0 10 20 30 40 50 60 70 80

Pad angle (deg)

Fig.2 Analytical and CFD solutions of water-lubricated pad
centerline pressure for turbulent operation.
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Table 1 Structural and operational parameters of a water-

lubricated TPJB.
Parameter Value
Journal diameter (D) 416 mm
Pad thickness (%) 40 mm
Pad density (p,) 7.85x10° kg'm >
Rotational speed 1,500 rpm
Journal mass 9,000 kg
Unbalance mass eccentricity 200 pm
X-direction load 0
Y-direction load 0, 100 kN
Length-to-diameter ratio (7) 0.3,0.6,09,1.2,1.5
Number of pads 3,4,5,6,7
Preload factor (4) 0.4,0.5,0.6,0.7,0.8
Pivot offset ({) 50%, 56%, 62%, 68%, 74%
Pad arc angle (a) 45°, 55°, 65°, 75°, 80°, 85°

135°, 157.5°, 180°, 202.5°,
225°

0.6%o0, 0.9%o, 1.2%o, 1.8%o,
2.4%o, 3%0

10, 30, 50, 70, 90

Load direction angle

Clearance ratio ()

Water temperature (7, °C)

5.1 Preload factor effect

In engineering, the appropriate preload is applied to
each pad in order to prevent the fluttering of unloaded
pads. Preload factors increased from 0.4 to 0.8 lead
to radial bearing clearances decreased from 112 to
37.4 um. Figure 3 compares the journal center orbits
and dynamic minimum film thicknesses of a TPJB
without static loads for five different preload factors.
As the preload factor is increased, the orbit size and
minimum film thickness are both decreased. To be
specific, the orbit amplitude is decreased from 47.4
to 3.38 um (-92.9%), and the minimum film thickness
is decreased from 56.8 to 19.0 um (-66.6%) with the
preload factor increased from 0.4 to 0.8. Figure 4
compares the journal center orbits and dynamic
minimum film thicknesses of a TPJB with static loads
for five different preload factors. As the preload factor
is increased, the orbit center moves to the bearing
center, and the orbit size and minimum film thickness
are both decreased. To be specific, the X-direction
amplitude is decreased from 22.5 to 3.16 pm (-85.9%);
the Y-direction amplitude is decreased from 21.6 to
3.16 um (-85.4%), and the minimum film thickness
is decreased from 27.7 to 15.5 um (—44.2%) with the
preload factor increased from 0.4 to 0.8.
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A
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Minimum film thickness (um)
[\ B
(=] S
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Fig. 3 (a) Journal center orbits and (b) dynamic minimum film
thicknesses of a TPJB without static loads for different preload
factors.
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Fig. 4 (a) Journal center orbits and (b) dynamic minimum film
thicknesses of a TPJB with static loads for different preload
factors.
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5.2 Pivot offset effect

There are no equilibrium positions for pads if the pivot
offset is greater than 81% in this case. Pivot offset of
50% means that the pivot supports on the center of
pad back. Figure 5 compares the journal center orbits
and dynamic minimum film thicknesses of a TPJB
without static loads for five different pivot offsets. As
the pivot offset is increased, the orbit size is decreased,
and the minimum film thickness is increased first and
then decreased. To be specific, the orbit amplitude is
decreased from 33.9 to 8.16 um (-75.9%) with the pivot
offset increased from 50% to 74%. Moreover, there
is a maximum value in minimum film thicknesses
between pivot offsets of 50% and 62%. Figure 6 com-
pares the journal center orbits and dynamic minimum
film thicknesses of a TPJB with static loads for five
different pivot offsets. As the pivot offset is increased,
the orbit center gradually moves to the bearing center;
the orbit size is decreased, and the minimum film
thickness is slightly increased first and then decreased.
To be specific, the X-direction amplitude is decreased
from 18.7 to 7.43 um (-60.3%), and the Y-direction
amplitude is decreased from 18.2 to 7.42 um (-59.2%)
with the pivot offset increased from 50% to 74%.
Likewise, there is a maximum value in minimum film
thicknesses between pivot offsets of 50% and 62%.
Figure 7 shows the minimum film thicknesses and
journal amplitudes of TPJBs with and without static
loads as a function of pivot offsets. There is a maximum
value of 51.0 um in minimum film thicknesses and an
orbit amplitude of 22.6 um for a TPJB without static
loads due to 55% pivot offset. The minimum film
thickness is increased by 6.25% and the orbit amplitude
is decreased by 33.3% with the pivot offset increased
from 50% to 55%. Moreover, there is a maximum value
of 27.4 um in minimum film thicknesses, an X-direction
amplitude of 16.2 um and a Y-direction amplitude of
15.8 um for a TPJB with static loads due to 53% pivot
offset. The minimum film thickness is increased by
2.40%; the X-direction amplitude is decreased by
13.7%, and the Y-direction amplitude is decreased by
13.1% with the pivot offset increased from 50% to 53%.
Therefore, designers can significantly reduce the journal
vibration and remain the minimum film thickness

increased by designing an appropriate pivot offset.

(a) -40 —
— £50%
30t — £56%
— 62%
201 — 68%
10k £74%
~ 10b ]
20F .
30+ .
40 L L L 1 1 1 1
40 30 20 10 0 -10 -20 -30 -40
x (um)
(b) 60 , . ;
£ 50 MOV
g40r 1
Q ANAANNANANANANNANANANNANANNANANAN
3
= 30 F— £50% — £56% —— C62%)
= — £68% £74%
g 20 g
=
£
£ 10+ .
=

0 1 L Il

1.8 1.85 1.9 1.95 2
Time (s)

Fig. 5 (a) Journal center orbits and (b) dynamic minimum film

thicknesses of a TPJB without static loads for different pivot

offsets.
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Fig. 6 (a) Journal center orbits and (b) dynamic minimum film
thicknesses of a TPJB with static loads for different pivot offsets.
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Fig. 7 Minimum film thicknesses and journal amplitudes of
TPIBs (a) without and (b) with static loads as a function of pivot
offsets.

5.3 Length-to-diameter ratio effect

Figure 8 compares the journal center orbits and
dynamic minimum film thicknesses of a TPJB without
static loads for five different length-to-diameter ratios.
As the length-to-diameter ratio is increased, the orbit
size is decreased, and the minimum film thickness
is increased. To be specific, the orbit amplitude is
decreased from 97.0 to 15.0 um (-84.5%), and the
minimum film thickness is increased from 8.52 to
61.4 um (+6.21 times) with the length-to-diameter ratio
increased from 0.3 to 1.5. Figure 9 compares the journal
center orbits and dynamic minimum film thicknesses
of a TPJB with static loads for five different length-
to-diameter ratios. As the length-to-diameter ratio is
increased, the orbit center moves to the bearing center;
the orbit size is increased first and then decreased,
and the minimum film thickness is increased. To be
specific, the maximum specific pressure of the bearing
is decreased from 2.80 to 0.56 MPa, and the minimum
film thickness is increased from 6.03 to 43.4 um
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Fig. 8 (a) Journal center orbits and (b) dynamic minimum film

thicknesses of a TPJB without static loads for different length-

to-diameter ratios.
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Fig. 9 (a) Journal center orbits and (b) dynamic minimum film

thicknesses of a TPJB with static loads for different length-to-

diameter ratios.
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(+6.20 times) with the length-to-diameter ratio increased
from 0.3 to 1.5. Moreover, there is a maximum value
in orbit amplitudes between length-to-diameter ratios
of 0.3 and 1.2. Figure 10 shows the journal amplitudes
and minimum film thicknesses of a TPJB with static
loads as a function of length-to-diameter ratios.
There is a maximum value of 19.6 um in X-direction
amplitudes and a minimum film thickness of 19.5 um
due to 0.7 length-to-diameter ratio, and there is a
maximum value of 18.6 um in Y-direction amplitudes
and a minimum film thickness of 23.1 pm due to 0.8
length-to-diameter ratio.

5.4 Clearance ratio effect

Clearance ratios increased from 0.6%o to 3%. lead to
radial pad clearances increased from 124.8 to 624 um
and radial bearing clearances increased from 62.4 to
312 um. Figure 11 compares the journal center orbits
and dynamic minimum film thicknesses of a TPJB
without static loads for five different clearance ratios.
As the clearance ratio is increased, the orbit size is
increased, and the minimum film thickness is increased
first and then decreased. To be specific, the orbit
amplitude is increased from 13.1 to 272 pum (+19.7 times)
with the clearance ratio increased from 0.6%o to 3%o.
Moreover, there is a maximum value in minimum
film thicknesses between clearance ratios of 0.6%0 and
1.8%o. Figure 12 compares the journal center orbits
and dynamic minimum film thicknesses of a TPJB
with static loads for five different clearance ratios. As
the clearance ratio is increased, the orbit center moves
away from the bearing center; the orbit size is increased,
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and the minimum film thickness is decreased. To be
specific, the X-direction amplitude is increased from
9.90 to 59.6 um (+5.02 times); the Y-direction amplitude
is increased from 9.81 to 53.8 um (+4.49 times), and
the minimum film thickness is decreased from 26.1 to
17.7 pm (-32.5%) with the clearance ratio increased
from 0.6%o to 3%o0. Likewise, there could be a maximum
value in minimum film thicknesses between clearance
ratios of 0.6%o0 and 1.2%o0 due to the similar values at
the two clearance ratios. Figure 13 shows the minimum
film thicknesses and journal amplitudes of a TPJB with
and without static loads as a function of clearance
ratios. There is a maximum value of 51.9 pm in
minimum film thicknesses and an orbit amplitude of
72.4 um for a TPJB without static loads due to 1.3%o
clearance ratio. Moreover, there is a maximum value of
26.8 um in minimum film thicknesses, an X-direction
amplitude of 15.9 um and a Y-direction amplitude
of 15.5 um for a TPJB with static loads due to 0.8%o
clearance ratio. Therefore, designers can improve the
bearing load capacity by designing an appropriate
clearance ratio.
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Fig. 13 Minimum film thicknesses and journal amplitudes of
a TPJB (a) without and (b) with static loads as a function of
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5.5 Pad arc angle effect

Figure 14 compares the journal center orbits and
dynamic minimum film thicknesses of a TPJB without
static loads for five different pad arc angles. As the
pad arc angle is increased, the orbit size is decreased,
and the minimum film thickness is increased. To be
specific, the orbit amplitude is decreased from 67.6 to
30.3 um (-55.2%), and the minimum film thickness is
increased from 30.0 to 49.0 um (+63.3%) with the pad
arc angle increased from 45° to 85°. Figure 15 compares
the journal center orbits and dynamic minimum film
thicknesses of a TPJB with static loads for five different
pad arc angles. As the pad arc angle is increased, the
orbit center moves to the bearing center; the orbit size
is increased first and then tends to remain changeless,
and the minimum film thickness is increased. To be
specific, the X-direction amplitude is increased from
15.4 to 18.5 pm (+20.4%); the Y-direction amplitude
is increased from 13.6 to 18.1 pm (+33.1%), and the
minimum film thickness is increased from 16.1 to
27.9 um (+73.4%) with the pad arc angle increased
from 45° to 85°.

(a) -80 ——
— 45°
-60 — a55°
— 2 65°
-40 - — 2757
20k  85°
£ of |
™ 20} .
40} 1
60 1
80 1 1 1 1 1 1 1
80 60 40 20 0 -20 -40 -60 -80
x (um)
(b) 55 ; l

W
(=]

A
[

Minimum film thickness (um)
I
[e)

35¢
30 .
a45° a55° o 65°
t: a75° a 85°
25 I I I
1.8 1.85 1.9 1.95 2
Time (s)

Fig. 14 (a) Journal center orbits and (b) dynamic minimum film
thicknesses of a TPJB without static loads for different pad arc
angles.
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5.6 Water temperature effect

Water temperature can affect the density and viscosity
of water film, and then affect the nonlinear dynamic
performance of a TP]JB. The temperature-density-
viscosity relationship used in the calculation is listed
in Table 2. The density and viscosity are both decreased
as the temperature is increased. Figure 16 compares
the journal center orbits and dynamic minimum film
thicknesses of a TPJB without static loads for five
different water temperatures. As the water temperature
is increased, the orbit size is increased and the minimum
film thickness is decreased. To be specific, the orbit

Table 2 Temperature-density-viscosity relationship of water.

Temperature (°C) Density (kg'm®)  Viscosity (Pa-s)
10 999.7 1.3077 x 10°°
30 995.7 8.007 x 107*
50 988.1 5.494 x 107
70 977.8 4.061 x107*
90 965.3 3.165x 107*

amplitude is increased from 20.3 to 36.7 um (+81.0%),
and the minimum film thickness is decreased from
58.4 to 45.9 um (-21.3%) with the water temperature
increased from 10 to 90 °C. Figure 17 compares the
journal center orbits and dynamic minimum film
thicknesses of a TPJB with static loads for five different
water temperatures. As the water temperature is
increased, the orbit center moves away from the bearing
center; the orbit size is increased, and the minimum
film thickness is decreased. To be specific, the
X-direction amplitude is increased from 14.9 to 19.2 um
(+28.4%); the Y-direction amplitude is increased
from 14.8 to 18.5um (+25.4%), and the minimum film
thickness is decreased from 39.5 to 24.6 pm (-37.7%)
with the water temperature increased from 10 to 90 °C.

5.7 Number of pads effect

In this section, the research objects include three-pad,
four-pad, five-pad, six-pad, and seven-pad TPJBs. The
total arc angle of each TPJB is 320°. Figure 18 compares
the journal center orbits and dynamic minimum film
thicknesses of a TPJB without static loads for five
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Fig. 16 (a) Journal center orbits and (b) dynamic minimum film
thicknesses of a TPJB without static loads for different water
temperatures.
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different numbers of pads. As the number of pads is
increased, the orbit size is increased, and the minimum
film thickness is increased first and then decreased.
To be specific, the X-direction amplitude is increased
from 28.0 to 45.6 um (+63.1%), and the Y-direction
amplitude is increased from 27.5 to 45.6 um (+65.6%)
with the number of pads increased from 3 to 7.
Moreover, there is a maximum value about 48.0 pm
in minimum film thicknesses for four-pad and five-pad
TPJBs. Figure 19 compares the journal center orbits
and dynamic minimum film thicknesses of a TPJB with
static loads for five different numbers of pads. As the
number of pads is increased, the orbit size is increased
in X direction and decreased in Y direction, and the
minimum film thickness is changeless first and then
decreased. What is more, three-pad TPJBs result in a
smaller X-direction amplitude; five and more-pad
TP]Bs result in a larger X-direction amplitude, and
four-pad TPJBs result in similar amplitudes in both X
and Y directions. To be specific, the X-direction
amplitude is increased from 11.7 to 29.4 um (+1.52 times)
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Fig. 19 (a) Journal center orbits and (b) dynamic minimum film
thicknesses of a TPJB with static loads for different numbers of
pads.
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and the Y-direction amplitude is decreased from 27.6
to 12.2 um (-55.9%) with the number of pads increased
from 3 to 7. Moreover, there is a maximum value about
26.7 um in minimum film thicknesses for three-pad
and four-pad TP]Bs.

5.8 Load direction effect

Figure 20 compares the journal center orbits and
dynamic minimum film thicknesses of a TPJB with
static loads for five different load direction angles.
Load direction angles of 3m/4 and 5mt/4 lead to the
static load on pads, while load direction angle of n
leads to the static load between pads. With the static
load on pads changed to that between pads, the load-
direction amplitude is increased from 12.4 to 18.2 um
(+46.7%); the vertical load-direction amplitude is
decreased from 32.7 to 18.7 um (—42.6%), and the
minimum film thickness is increased from 22.6 to
26.7 um (+18.2%)).

5.9 General design methodology

A more general design methodology is given for TPJBs
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Fig. 20 (a) Journal center orbits and (b) dynamic minimum
film thicknesses of a TPJB with static loads for different load
directions.

under dynamic loads from the perspective of vibration
suppression and load capacity improvement. The main
points are as follows:

i) Preload factors and pivot offsets are preferred to
suppress the journal vibration because they belong to
internal load adjustment parameters.

ii) Pivot offset of 50% is required for two directional
machines, but an optimal pivot offset could be designed
to improve the load capacity and suppress the vibration
for unidirectional machines (55% to 53% from 0 to
100 kN loads in our case).

iii) An optimal clearance ratio could be designed
to improve the load capacity (1.3%o to 0.8%o from 0 to
100 kN loads in our case).

iv) A larger length-to-diameter ratio is recommended
to avoid the vibration maximum and improve the load
capacity (over 0.9 in our case).

v) Four-pad TPJBs with loads between pads are
preferred due to the similar dynamic characteristics
in load and vertical load directions and the high load
capacity.

6 Conclusions

The current work performs a nonlinear dynamic
analysis on journal center orbits and dynamic minimum
film thicknesses of water-lubricated TPJBs with and
without static loads for different bearing design
parameters. The results could provide some design
guidance for suppressing the vibration and improving
the dynamic load capacity. In general, amplitudes can
be suppressed by increasing preload factors and pivot
offsets, and decreasing clearance ratios and water
temperatures; minimum film thicknesses can be
improved by increasing length-to-diameter ratios and
pad arc angles, and decreasing preload factors and
water temperatures. Several interesting conclusions
can be briefly summarized as follows:

1) There is an optimal pivot offset and clearance
ratio that can maximize the minimum film thickness,
and the amplitude at the optimal pivot offset is
smaller than that at 50% pivot offset.

2) There is a length-to-diameter ratio that can
maximize the journal amplitude, which should be
considered to avoid in the design.

3) From load on pads to load between pads, the
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amplitude is increased in the load direction, but the
minimum film thickness is improved.

4) Four-pad and five-pad TPJBs without static
loads and three-pad and four-pad TPJBs with static
loads lead to optimal minimum film thicknesses.

5) Under static loads between pads, three-pad
TPJBs lead to larger amplitudes in the load direction;
five and more-pad TPJBs lead to smaller amplitudes
in the load direction, and four-pad TPJBs lead to similar
amplitudes in the load and vertical load directions,
which can reflect the bearing dynamic characteristics in
the two directions.

A synchronous motion and a safe minimum film
thickness are desirable for a TPJB at the rated speed.
In order to avoid nonsynchronous motions, the future
work would investigate the effects of bearing design
parameters on the bifurcation and stability of a
water-lubricated TPJB.
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Appendix
Table A1 Dimensionless parameters and their dimensional ratios.
Dimensional Dimensional
Parameter . Parameter .
ratio ratio
P, 2umly? H, X, Y, 6,8, c
&', 0 wc XY w’c
M, uL/wy’) M, UOR LIy
J ﬂRzL/ (CUWZ ) Fy, Fy, Wy, Wy UORL/ ’//2
T 1w o0; w
5" o’ Y L2

Note: The dimensional ratio refers to the ratio of normalized
parameters to dimensionless parameters.
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